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What to | 


LOADS 


Use a Vault-Type Power Unit 
to Replace 3 or 4 Separate 
Distribution Transformers 
On Pole or Platform 


New vault-type power unit saves space, 
is exceptionally easy to install, reduces 
maintenance. 

It combines three or four distribution core and 
coil assemblies in a single tank. Unit is so com- 
pact that it requires less than half the space 
needed for a conventional bank of three or four 
distribution transformers. Put it anywhere: the 
tank is completely welded and the unit can 
be operated continuously in locations which 
may become flooded. Find a spot inside — as 
was done in the installation shown at right — 
you can locate it in any corner. 


Factory Assembly 
Simplifies Installation 


Units consist of either three or four distribution 
transformer core and coil assemblies to supply 
three-phase power or three-phase power and 
single-phase lighting loads. Metering connec- 
tions are simplified by mounting current trans- 
formers in the case. Potential transformers can 
also be mounted internally if desired. Assem- 
blies are internally connected at the factory 
and leads are terminated at the cover. There is 
no primary or secondary bus work to be done 
at the point of installation. If a three-assembly 
unit is desired for present needs, room can be 
left for a fourth assembly to be added at a later 


date when requirements increase. 
E A-4499 


The Allis-Chalmers vault-type power unit is the ideal 
answer to space or load growth problems for schools, 
hospitals, hotels, large apartment houses, shopping 
centers — anywhere loads grow fast. Get complete 
information from your nearby A-C office or write 
Allis-Chalmers, Milwaukee 1, Wis., for all the facts. 
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THE COVER 


WORLD’S FIRST AND SECOND close- 
coupled cross-compound reheat steam tur- 
bine-generator units are now in operation 
at Wisconsin Electric Power Company’s Oak 
Creek Station, supplying 240 megawatts of 
power for homes and industry. Operating 
on the lowest vacuum of any machines in 
the world, large 1800-rpm low pressure 
cylinders take full advantage of steam ex- 
pansion to 14-inch Hg absolute. Operating 
since September 1953 and October 1954, 
these compact, single-foundation units are 
the first two of three for 1575, 1800, and 
2000-psig inlet steam, respectively, with 
1000 F initial and 1000 F reheat tempera- 
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ully Supercharged Generator... 





by L. T. ROSENBERG 
Engineer-in-Charge AC Design 
Motor and Generator Section 
Allis-Chalmers Mfg. Co. 
and 


P. I. NIPPES 
Motor and Generator Section 
Allis-Chalmers Mfg. Co. 





Observed temperatures, losses, efficiencies, 
and characteristics are summarized and 
compared with those of conventionally 
cooled machines. 


HOP TESTS on the first fully supercharged gen- 
erator have established beyond all doubt the 
complete adequacy of the design and the splendid 
performance predicted in earlier papers.'-* In many re- 
spects, the machine behavior has exceeded calculations. A 
prototype of 3600-rpm machines that can now be rated 
300 megawatts and larger, it embodies many new features 
permitting full utilization of this new cooling principle. 


Temperatures are low 

Temperature tests were obtained by loading the generator 
at zero power factor on a standardized 66-mw unit in 
parallel with a 40-mva test machine. The initial shop test 
setup, Figure 1, shows the 66-mw generator with super- 
charged rotor driven by a dc motor and gear in the left 
background. A total of fifteen heat runs were completed 
at 5, 10, 15, 20, 30, 45, 60, and 70 psig hydrogen pressure. 
In addition to the many internal detector and thermo- 
couple readings, temperatures were also measured on such 
external parts as terminal bushings, stator shell, brush 
holders and collector rings. Temperature points were 
taken at zero power factor at loads equivalent to 0, 47, 
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TEST PERFORMANCE SURPASSES EXPECTATIONS 


and 60 mva, and at terminal voltages ranging up to 16,200 
volts. From the families of curves through these points 
the operating temperatures of all parts of the unit can be 
determined for any load and pressure. 

The newly developed single-stage blower yielded 20 per- 
cent more pressure than any of the two-stage blowers pre- 
viously used, with a substantial reduction in power input 
per cfm. As a result, ventilation was better than expected. 

Tests indicated that even at 5 psig the full 47-mva load 
can be carried without reaching accepted temperature 
limits on either rotor or stator copper. The embedded re- 
sistance detector, placed between coils at the hot end of 
the machine, showed a rise of 75 C, while the maximum 
strand rise at the same end measured 81 C at this load. 
This difference of only 6 C between maximum embedded 
resistance detector temperature and copper temperature in 
the same region was virtually constant at all pressures both 
at 47 and 60 mva. This confirms earlier conclusions* that 
by means of the separate axial cooling ducts in the stator 
core, Figure 2, the copper and iron can be kept at nearly 
the same temperature. Stator coil differential expansion 
is reduced by this factor as well as by the reduced machine 
length and lower average coil temperature. 

The tests show that nearly 80 percent overload at 70 psig 
is necessary to get the hottest part of the generator copper 
up to the 130 C limit based on the proposed revisions of 
the AIEE Standard No. 1 and the ASA Standard C-50. At 
all pressures and loads, the rotor hot-spot temperature is 
below that of the stator. 


Electrical characteristics also favorable 


Test saturation and synchronous impedance curves are 
shown in Figure 3. Among the test results that were 
more favorable than original calculations are a somewhat 
reduced saturation at the high flux densities, due to the use 
of oriented grain core iron, and a correspondingly reduced 
core loss. The former reduces the field current required 
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under load, while the latter improves efficiency. As indi- 
cated by the curves, the short circuit ratio is 0.83 at the 
nominal 40-mw rating. This more than meets the require- 
ments of the preferred standard design. Yet the full-load 
excitation of this machine is only 170 kw, which is a 
substantial improvement in the originally anticipated ex- 
citation requirements of well over 200 kw. 

The generator reactances obtained from test are shown 
in Table I as compared with those of a conventionally 
cooled 40-mw preferred standard unit. 

Of special interest are the relatively high subtransient, 








negative, and zero sequence reactances that limit mechani- 
cal forces during faults as well as,the maximum interrupt- AXIAL HOLES through the stator core laminations form 
: ; ‘dal 3 d sa cooling ducts for hydrogen and assist in keeping adjacent 
[he equivalent saturated synchro- copper and iron at near the same temperature. (FIGURE 2) 


ing duty of switchgear 
nous reactance, on the other hand, is substantially lower, 


thus improving the steady-state stability of the super- 
charged unit as compared to the epnventional machine. 
is decreased somewhat because the 






















































































Transient stability 
transient reactance is higher and the. total moment of 
inertia of the unit is reduced 25 percent. In metropolitan 
centers this would be no handicap, but for widely sepa- 
rated power stations fault clearing time should be reduced * 
: cae Sie : 4\ 
in order to assure the same stability limits under transient 12 aoe 
conditions as for conventionally cooled machines. x af yay 
; ”, 2 2 & 
F S 7 4 ¢ 
[he lower Wk? also introduces a requirement of rapid * Po Pg e 
governor action in isolated stations. In case of sudden 10 + om p- 0 $— 
load dumping, fast governor action is necessary to avoid mn / 
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eral schemes are available to provide for adequate governor 28 
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PER UNIT EXCITATION 
SATURATION and synchronous impedance test 
curves indicate excitation requirements are less 
than originally anticipated. (FIGURE 3) 
TABLE | 
Fully 
Super- | Conven- 
charged | tional 
Short Circuit :Rafio... 28. 65:55% “5.cem 0.83 0.83 
Synchronous Reactance (Unsaturated).| 147 % |133 % 
ON INITIAL TEST SETUP, the fully super- Equivalent Reactance (Saturated)....| 66.7% | 80.3% 
charged machine was given fifteen heat runs Subtransient Reactance ............ 15.6% | 8.8% 
at various hydrogen pressures. (FIGURE 1) Transient Reactance .............-- -| 25.0% | 15.6% 
Negative Sequence Reactance....... 16.0% | 9.0% 
Zero Sequence Reactance.........-. 9.5% 5.3% 
Moment of Inertia of Unit.......... 75.0% |100.0% 
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PERCENT LOAD 


GREATER EFFICIENCY at all loads than obtained from a comparably 
rated conventionally cooled generator was indicated. (FIGURE 4) 


to close the control valves before any appreciable speed 
change has taken place. Another device consists of sepa- 
rate trip cylinders to partially close the main turbine stop 
and intercept valves reducing steam flow to that required 
for boiler auxiliaries. This device would be actuated by 
either the inertia governor or by auxiliary contacts on the 
tripping of the generator circuit breaker. Whatever 
method is used must be adequate not only for loss of full 
load, but also for the overloads of which the unit is capable. 


. ° ° 
Low temperatures make efficiency gains possible 
The completely supercharged generator was designed and 
rated to have a full load efficiency equal to that of the con- 
ventional machine. Some of its losses are increased, but 
others are decreased, thus maintaining the same total. Be- 
cause of the reduced rotor size the friction and surface 
windage losses are materially lowered. The short length of 
the core and the long air gap greatly reduce the core losses. 
Since these savings are all in the fixed losses, the fractional 
load efficiencies will be higher than those of the conven- 
tional machine, provided generator friction is considered 
in accordance with the ASA Standards. 

The increase in rotor [*R is not as great as might be 
expected since a portion of the copper duct area replaces 
the rotor tooth duct of conventional machines, and the 
magnetic circuit has been redesigned for improved per- 
meance. Moreover, the substantial reduction in mean turn 
length of both the rotor and the stator conductors helps 
keep their [°R losses down. The stator [*R increase is also 
limited because the axial stator core cooling increases the 
available slot area. The increase in the stray load loss is 
minimized by the short machine length, the long air gap, 
and by the newly developed flux traps in the end region. 
In addition, although efficiency computations are based on 
75 C copper temperature, a further gain is realized with 
supercharging because of the low average stator copper 
temperature when compared with conventional machines 
of similar hot-spot temperature. 

As a result of the superior cooling of this machine, safe 
temperatures are not exceeded even at low hydrogen pres- 
sure. Efficiency at all loads including full load can there- 
fore be further improved by taking advantage of the wind- 
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age loss associated with lower gas density at lower pressure. 
Generators of this type, however, will not be rated to 
Operate at maximum permissible temperature. Sufficient 
gas pressure will be recommended to maintain a safe mar- 
gin below the allowable temperature. Figure 4 shows the 
efficiency curve of this machine with gas pressure con- 
trolled to provide a hot-spot temperature 10 C below the 
accepted standard for Class B insulation compared to the 
efficiency of a conventional 40-mw generatof. As indicated, 
the supercharged generator is more efficient at all loads. 

It may be concluded from the tests that pressure can be 
reduced under normal requirements to get greatest econ- 
omy, or under sudden or prolonged overloads, pressure can 
be readily increased to preserve any desired safe tempera- 
ture margin. Relatively small gas content of the fully 
supercharged machine makes adding or removing gas 
quick and inexpensive. The tests indicate that the em- 
bedded detector is a reliable guide for pressure adjust- 
ments. Complete test data will be published* as soon as 
the more than 6000 temperature and pressure measure- 
ments can be evaluated. 


Application to large units 

Basic agreement between calculations and tests on the 
first machine establishes the reliability of present designs 
for generators with supercharged stators and rotors up to 
200 mw at 3600 rpm. Figure 5 shows the outline of the 
150-mw unit, rated at 30 psig with an overload of 170.5 
mw at 45 psig. The turbine shown has a two-flow exhaust. 
The generator will have a two-stage blower, each stage 
similar to the one tested. Four coolers will be used instead 
of two, each to be twice the length of the coolers in the 
unit tested. Rotor coil ventilation provides for center 
discharge. 

The hydrogen seals are of the thrust-bearing type with 
piston areas suitable for any gas pressure up to 100 psig. 
Shop tests were limited to 70 psig because of limitations 
in test floor facilities. At 70 psig in either hydrogen or air 
the sight flow gauges indicated that only a mere trickle of 
oil was being admitted to the hydrogen side of the seals. 
The hydrogen leakage was 127 cubic feet per day meas- 
ured at 70 psig, which is exceptional even when converted 
to one atmosphere, considering the many temporary pipe 
connections for manometers and the large number of 
thermocouples that were brought through gasketed covers 
for shop test purposes. The seals of all fully supercharged 
machines will be of similar design, and the units will have 
overload ratings as high as 60 psig to allow for unexpected 
system requirements. 

One of the great benefits of supercharging is the reduced 
physical size of both the rotor and stator. The original de- 
sign calculations, now fully substantiated by shop tests, 
indicate that the 200-mw fully supercharged generator can 
be built with a rotor no larger in diameter or length than 
conventionally cooled rotors built by Allis-Chalmers and 
now in operation. Tooth root, slot wedge, retaining ring 
and bore stresses can actually be kept lower because of the 
large fraction of the rotor copper section that is replaced 
by gas passages. 

The high blower efficiency means that blower losses are 
not prohibitive for larger machines. Machine efficiencies 
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SHORT ROTOR withdrawal distance and compactness of the ac exciter 


titive, and the use of a single cooling medium 
by one blower greatly simplifies ventilation. 





circulate 

Large fi supercharged generators will require exciters 

if 75 or more. Three types of exciters are available 
mely, the geared conventional exciter, the motor- 

gene set, or the new ac exciter® that eliminates com- 

mi brushes and rotating windings. The compact de- 

sign of the 3600-rpm ac exciter is indicated in Figure 5. 


New cooling principle fulfills important need 














Grov 1 capability of turbine generators had reached the 
pe re physical properties of rotor forgings and re- 
taining rings became a serious limitation. The small rotors 
f supe ged generators are not only free from these 
limitations but high quality forgings are more readily ob- 
tained because of ease of manufacture, heat treatment, and 
inspection. Their short length is easily ventilated with 
blowers of moderate capacity, and power plant space re- 
quirements are reduced. Combining with the short length, 
the lower average temperature and reduced temperature 
drop from copper to iron afford maximum protection 
differential expansion of coils. The supercharged 

will also find wide application in the replace- 

of obsolete turbine generators in stations where 


is needed 





but where space is lacking for 


acity 
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DESIGNER’S SCALE MODELS, like this one of a 
150-mw steam-turbine generator unit, are used in 
the development of functional design. (FIGURE 6) 





(FIG. 5) 


are indicated on this drawing of a 150-mw, 3600-rpm unit. 


The high reactances cut switchgear costs and reduce 
electrical and mechanical injury in case of faults, while 
the higher saturation increases the steady-state stability of 
the supercharged unit. Its compact, lightweight design 
saves in crane and foundation costs and reduces mainte- 
nance by virtue of its low gas and lubrication require- 
ments. Efficiencies are especially high at fractional loads, 
thus insuring that the supercharged generator will con- 
tinue to be an economical machine to operate long after it 
has ceased to be a base load unit. 


REFERENCES 
1. “A New Fully Supercharged Generator,” Sterling Beckwith 
and L. T. Rosenberg, AIEE Transactions, Power Apparatus and 
Systems, June 1954, page 477. 
“Additional Design Features of the Fully Supercharged Gen- 
erator,” B. M. Koetting and G. W. Staats, AIEE Transactions, 
Power Apparatus and Systems, June 1954, page 484. 
“Present Status of Supercharged Cooling,’ Wm. L. Ringland 
and L. T. Rosenberg, Proceedings of the American Power Con- 
ference (Chicago, Illinois), Vol. 15, 1953, page 379. 
“Test Report of the Fully Supercharged Generator,” Sterling 
Beckwith, B. M. Koetting, L. T. Rosenberg, and G. W. Staats 
— To be submitted to AIEE for Winter General Meeting in 
New York, January 31 to February 4, 1955. 
“A New Excitation System,” Wm. L. Ringland and H. W. 
Cory, Proceedings of Production Committee Meeting, Engi- 
neering and Operation Section Conference, Birmingham, Ala., 
Sept. 24, 1954. Southeastern Electric Exchange, 303 Haas- 
Howell Building, Atlanta, Georgia. 
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THE LARGEST BREAKER ever equipped with a hydraulic 
operator stands ready for shipment to a large west coast 
utility. With new oil- and space-conserving tank design, this 
unit — the first in a group of 10,000,000-kva, 230-kv breakers 
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a three-cycle Ruptor interrupting device. The Pneu- 


Tihizes 
¢ operator in cabinet at left can reclose so rapidly that 


time delay is incorporated to assure full deionization of the 
conductive air surrounding a fault between repetitive reclosings. 





New Arc-Furnace 
Processes 


SPOTLIGHT TRANSFORMER DESIGN DETAILS 


by E. G. ASHBAUGH 
Allis-Chalmers Mfg. Co. 
Pittsburgh Works 


Each of the many types of arc-furnace 
melting and refining operations requires 
specific transformer characteristics. 


“\ODAY THE MELTING AND REFINING of 
steel and iron is only one of many interesting 
applications of arc furnaces. In fact, it is said 

practically any operation that requires a high tem- 

ire tO promote a chemical or physical change can be 


Out im an arc furnace. . 


Arc furnaces can be divided into three general classes: 
arc, exposed arc, and submerged arc. The first 

used with small single-phase installations for melt- 

§ refining limited quantities of metal. The exposed- 
arc type is generally used in larger three-phase furnaces for 
melting or refining of steel, iron, and nonferrous 

ls. The submerged-arc type is used for melting non- 

illic materials and for oxide reduction in the produc- 
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tion of phosphorus, iron, cobalt, nickel, tin, beryllium, 
zirconium, and other oxides. 


Many uses of the submerged-arc type furnaces are seldom 
revealed, since they deal with very special processes for 
particular industries. Among these special processes are the 
production of calcium carbide; the melting of nonmetals, 
such as abrasives, cast refractories, glass, slags; and the 
melting of fused materials, such as silica, alumina, and 
magnesia. 


Special voltages required 

Each application of an arc furnace has its own special volt- 
age requirements. Exposed-arc furnace voltages have been 
increasing in the past few years, and 450 volts on the high- 
est tap is now being used for melting of steel. In sub- 
merged-arc furnaces the top voltage may be as high as 
150 volts. 


Supplying these voltages are a variety of arc-furnace 
transformers. These transformers vary widely in size and 
incorporate many features which were developed especially 
for arc-furnace applications. Basically, furnace trans- 
formers have been unchanged in the last 20 years except 
for design improvements in insulation, gasketing, and tap- 
changing mechanisms. Most of the improvements were 
aimed at better efficiency, less weight, extended life, and a 
reduction in maintenance. 








Cooling designed to fit application 


Transformers are rated at either 40 or 55 C rise, with the 
55 C units being somewhat more popular at this time. 
The 40 C unit will carry 30 percent more power than a 
55 C transformer. While it is true that in many instances 
the 40 C transformer carries the additional 30 percent 
overload permissible, it is not recommended that any in- 
crease in the overloads over and above this value be used, 
as rapid deterioration of the insulation will result. 

There are a number of methods commonly used to cool 
furnace transformers. These are classified as: 

a. Self-cooled. 

b. Self and forced-air cooled. 

c. Forced-oil cooled with oil-to-air heat exchangers. 

d. Forced-oil cooled with external oil-to-water heat 
exchangers. 

Water cooled with internal water-cooling coils. 

f. Water cooled with natural circulation of oil through 

external coolers or heat exchangers. 

Since plenty of cooling water is usually available where 
furnace transformers are installed, water cooling is almost 
always used. This method of cooling is particularly advan- 
tageous for furnace transformers installed indoors or in 
separate transformer rooms where air conditions limit the 
effectiveness of self or forced-air cooling. 

The construction of internally water-cooled transformers 
has not changed appreciably since first introduced about 
30 years ago. A transformer of this type is shown in Fig- 
ure 1. The cooling coils are entirely hidden from view. 


~ 











Thermo-siphon type cooling, as shown in Figure 2, is 
now available for the larger sizes of power and furnace 
transformers. This method of cooling resembles forced-oil 
cooling with oil-to-water heat exchangers except that the 
oil is not forced through the cooler but flows by gravity. 
No pumps are required and maintenance is kept to a 
minimum. 

Forced-oil cooling with oil-to-water heat exchangers 
provides a faster and more effective means of cooling trans- 
formers of 15,000 kva and larger but is not an economical 
method on the smaller transformers. In standard practice, 
two heat exchangers are used on each transformer. This is 
done to permit periodic inspection and cleaning of one 
cooler while carrying loads up to 60 or 75 percent normal. 
The arrangement also permits carrying reduced kva if one 
cooler should fail during operation. 


Askarel liquid or inhibited oil used 

At present, manufacturers recommend the use of inhibited 
oil for furnace transformers. The inhibited oil provides 
additional insulation strength, since this oil deteriorates 
less rapidly when hot and exposed to oxygen-laden air. 


Askarel liquid is being specified by users in increasing 
numbers. Due to the recently developed buna N gasket- 
ing material, it is now possible to gasket the secondary bus 
and make a reasonably tight seal. The buna N gasketing 
used on a secondary bus is shown in Figure 3. 

Since askarel liquid is heavier than water, water con- 
densation will float on the surface of the askarel liquid, 
making flashovers and transformer failure possible. To 


PHENOLIC 
LAMINATE 





BUNA N GASKETING tightly seals the secondary bus and permits 
the use of askarel liquid in furnace transformers. (FIGURE 3) 


Allis-Chalmers Electrical Review * Fourth Quarter, 1954 











d by ch 
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OPTIMUM FURNACE POWER FACTOR is obtai 
the proper tap on the reactor at base of transformer. 








EASY ACCESS to the tap-changing mechanism is obtained in this 
single-phase, 1500-kva, 13,800-75-volt furnace unit. (FIG. 5) 








eliminate this hazard, insulation boots are placed around 
the bus bars at liquid level, with the lower end of the boots 
extending a half inch or more under the oil level. 


Gas absorbers can be furnished and are recommended 
when transformers are located indoors or in confined areas. 
Used on askarel-filled transformers, gas absorbers neutral- 
ize the harmful effects of otherwise highly corrosive and 
toxic gases that might escape under certain conditions. 


Standard designs may include reactors 

In many instances, separate reactors with up to 30 percent 
reactance are considered an important part in the design of 
the arc-furnace transformer. However, on the submerged- 
arc transformers it is not necessary to have additional re- 
actance in the circuit. When additional reactance is re- 
quired, the reactor is normally mounted as shown in Fig- 
ure 4. The reactor is usually tapped and the percentage 
reactance changed with the transformer taps to provide 
ideal total reactance for the process. This type of reactor 
arrangement makes possible short secondary leads or bus 
bars, and tends to keep the reactance of the transformer 
to a minimum. 


Tap changers are designed for frequent use 

Tap changes are made with the transformer de-energized, 
thus simplifying the tap-changing mechanism. In most 
instances, remotely controlled motor-operated tap changers 
with emergency manual controls are supplied with these 
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units. Furnace transformer tap changers have heavy con- 
tacts and large contact surfaces to provide greater contact 
life with frequent operation, whereas power transformer 
tap changers have point contact to maintain good contact. 
The furnace transformer tap changer is kept clean from 
constant use, while the tap changer on a power transformer 
may remain in one position for long periods, making it 
necessary to maintain high point pressure to insure posi- 
tive contact. 

Furnace transformer tap-changing mechanisms are al- 
ways arranged for easy inspection and maintenance. It 
is not necessary to untank the transformer or even remove 
the main transformer cover to make repairs. Figure 5 
shows a small single-phase submerged-arc furnace trans- 
former. Access to this tap changer is obtained through a 
manhole in the cover. 

The large arc-furnace transformer in Figure 1 has a 
separate tap-changer compartment mounted outside the 
transformer case. This arrangement is generally preferred 
for larger units and will undoubtedly become increas- 
ingly popular. 


Furnace and power units compared 


Due to the many special requirements that furnace trans- 
formers are designed to meet, their weight in copper and 
iron is more than double that of a comparable power trans- 
former, but it is not anticipated that furnace-type trans- 
formers in new applications will be any larger, weigh 
more, or add any new problems. 
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by STANLEY E. McDOWELL 
Switchgear Department 
Allis-Chalmers Mfg. Co. 





A synchronous condenser solves voltage 
problem created by an arc-furnace load 
added near the end of a long power line. 


E THREE AMMETERS on the control panel 

of a large three-phase arc furnace will show at a 

glance why arc-furnace loads may create voltage 

problems. Generally, system voltages are not a problem 

when the furnace is located near a larger power source. 

Under these conditions furnace load surges are small com- 

pared to the source capacity, and line drops are at a mini- 

mum. However, when furnace loads are carried over long 

power lines, voltage disturbances caused by these loads 
may seriously affect other users on the system. 


While modern high speed control of electrode position 
tends to minimize load swings and shorten the duration 
of short circuits, the risk of electrode breakage and other 
mechanical problems prevent faster correction. 


Typical heat shows load problem 


On large steel or iron melting and refining furnaces, three 
automatically controlled electrodes are mounted in the fur- 
nace roof and are individually raised or lowered by a winch 
or hydraulic pump. Figure 1 shows a typical arc furnace. 
To start a heat, the electrode motor control switches on the 
control panel are turned to automatic, and the electrodes 
move rapidly downward and touch the scrap. This action 
forms either a single-phase or three-phase short circuit, 
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at Arc-Furnace 
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Steadies Power 
Demands 


and the electrodes automatically reverse to form arcs be- 
tween the electrodes and the scrap. The scrap, being 
grounded on the furnace frame, forms a grounded neutral 
for the arcs. 

Since the furnace is loosely filled with a mixture of scrap ~ 
steel, iron, and possibly some iron ore, a large volume of 
air spaces are formed throughout the furnace. As the scrap 
begins to: melt around the electrodes, the molten charge 
flows downward to fill in the air spaces. Because the elec- 
trode must be kept a certain distance from the charge in 
order to maintain an arc, the electrode positioning equip- 
ment automatically lowers the electrodes as the metal 
melts. Thus the electrodes tend to bore into the charge. 
When enough of the charge becomes molten, the unmelted 
scrap collapses. This cave-in, as it is commonly termed, 
often grounds one or more electrodes. 


On some furnaces as long as a minute may be required 
to withdraw the electrodes, and the furnace circuit must 
be able to withstand these short circuits until the arc is 
re-established. The severe load swings of the melting 
period may last from a half hour on small furnaces to sev- 
eral hours on extremely large furnaces. Usually, rather 
smooth operation is expected during the refining period, 
except when additions are thrown in the furnace to im- 
prove the chemical analysis. During this short period the 
arc current is again rather rough. 


Voltage regulators can’t keep up 

Feeder voltage regulators are designed to correct changes 
in line voltage conditions resulting from gradual load 
changes from no load, or about 10 percent load, to full 
load over a period of hours or even minutes. The inherent 
nature of arc furnaces, however, is to change from no load 
to perhaps three times full load in a matter of a few cycles. 
Feeder voltage regulators are too slow under these condi- 
tions. Two solutions have been applied: static capacitors 
and synchronous condensers. 
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The purpose of the reactor is to offer opposition to the 
sudden changes which occur when the furnace load is 
alternately applied and dropped, thus forcing the synchro- 
nous condenser to absorb the greater portion of fluctuating 
component by permitting greater voltage fluctuations on 
the condenser. 


The picture on page 12 shows the synchronous con- 
denser in this installation. It is an indoor air-cooled ma- 
chine rated 25,000 kva leading and 12,500 kva lagging at 
13,800 volts, 720 rpm and requires a 150-kw, direct- 
connected 125-volt exciter. The machine is of special low 
reactance design to provide a guaranteed unsaturated 
transient reactance of 31 percent on a 25,000-kva base. The 
low reactance requirement results in a machine of slightly 
greater physical size than normal for the kva rating. 


In this application the synchronous condenser supplies 
the reactive kva required when furnace surges occur, thus 
reducing the amount of reactive kva which would be sup- 
plied by the power company. As a result, the overall stabil- 
ity of the power system is maintained and voltage prob- 
lems are minimized. 


Power factor is controlled 

The synchronous condenser can be used to maintain fur- 
nace circuit power factor at a value high enough to elimi- 
nate penalties incurred by operators of low power factor 
systems. This advantage may be considered a “by-product” 
of its use as a voltage regulating device, since the action of 
the synchronous condenser as a “voltage regulator” main- 
tains a reasonably good power factor. Ideally, the arc 
furnace itself is operated at 80 to 85 percent power factor. 
This power factor produces the most efficient overall oper- 
ation of a furnace. 
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DUPLEX CONTROL BOARD for 
13,800-volt synchronous condens- 
er provides protective relaying, 
metering, and remote breaker 
operation. The field application 
equipment and condenser-start- 
ing equipment are mounted in- 
side the enclosure. (FIGURE 4) 


Figure 5 illustrates how a synchronous condenser is con- 
nected to improve power factor. 


Figure 6* shows the improved regulation obtained 
when a synchronous condenser and series buffer reactor 
are used in an arc-furnace circuit. 


The beginning of each chart illustrates system condi- 
tions prior to the installation of the condenser, and the 
remainder of each chart illustrates the improved condi- 
tions. It should be pointed out that these charts do not 
show sudden changes in load or voltage. 


In the hypothetical system of Figure 5 the kva is 
assumed to remain constant at 5000 kva; and Figure 7 
shows that by improving the power factor of this system 
from 0.6, triangle ABC, to 0.8, triangle ADE, more kw is 
obtained to perform useful work. Line EF represents the 
leading kvar supplied by the synchronous condenser. Fig- 
ure 7 also illustrates that it is necessary to supply only 
3750 kva at 0.8 power factor to obtain the same 3000-kw 
load obtained from 5000 kva at 0.6 power factor. In this 
case the synchronous condenser must supply leading kvar 
represented by line CF. 


The ability of a synchronous condenser to supply the 
reactive kva at a rate sufficiently fast to suit the electric 
arc-furnace operating characteristics is dependent upon the 
transient reactance of the machine. A condenser having a 
relatively low transient reactance will furnish more kilo- 
vars during an instantaneous voltage surge than a machine 
of higher transient reactance, even though both machines 
may have identical nameplate ratings. 


* Charts used through courtesy of T. G. LeClair — from his paper 
entitled ““Arc-Furnace Loads on Long Transmission Lines.” 


Allis-Chalmers Electrical Review * Fourth Quarter, 1954 








termination of proper condenser reactance for a 
given installation can best be determined by a calculating 
board study of the particular installation and of the power 
system which serves it. Since the reactance of the furnace 
transformer and its leads does not usually vary to a great 
extent for a given furnace size, the principal variables will 
be the reactances of the synchronous condenser and buffer 
reactor. These reactances must be selected to suit each in- 
ual installation. 








For normal condensers of an equivalent kva rating, a 
hydrogen-cooled machine will have a transient reactance 
cimately 20 percent higher than that of an air-cooled 
machine. This is primarily due to the fact that the more 





efficient cooling obtained with hydrogen permits the use 
of a physically smaller machine with correspondingly 
nigher reactances 


Since the low reactance requirements of a synchronous 
lenser for arc-furnace service require a more expensive 
lification of design for the hydrogen-cooled machine, 
and since the hydrogen-cooled machine is greater in initial 
ost than the air-cooled unit of identical leading kva and 
reactance, the air-cooled synchronous condenser will be 
more economical for small and intermediate-size installa- 
tions. On large installations, however, the lower losses 

by hydrogen cooling overcome other disadvan- 
tages, making the hydrogen-cooled condenser more eco- 











der to re-establish an arc, the electrodes must be 
lowered into the charge, resulting in a repeated short cir- 

Alternately applying and dropping large portions of 
furnace load calls for large fluctuations in reactive kva. 
[he synchronous condenser together with the buffer re- 
actor combine to supply the reactive kva demanded by the 
furnace surges, removing a considerable portion of kilovar 
transients from the power system. This results in a stable 
power system which can supply “flicker-free” power to its 
customers and also furnish the large blocks of power to 


the furnace uset 


= 





PRIMARY CURRENT AND POTENTIAL CIRCUITS 


Rae SYNCHRONOUS CONDENSER (OR STATIC CAPACITORS) 
‘ c RNACE y ANSFORMER “ 


SECONDARY CURRENT AND POTENTIAL CIRCUITS 





CONDENSER is placed between the reactor and furnace trans- 
former, as shown by simple single-line diagram. (FIGURE 5) 
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SIMULTANEOUS CHARTS show condenser benefit. 
Condenser with 20 percent reactor was placed in cir- 
cuit at 3:25. Top chart times 120 is 13.8-kv bus voltage. 
Center chart times 120 is secondary voltage. Bottom 
chart times 39,000 is kw demand on system. (FIG. 6) 














HYPOTHETICAL SYSTEM DIAGRAM shows how synchronous 
condenser can be used to supply reactive power. (FIGURE 7) 
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PUMP-TURBINES 


1954 
Progress Report 


by FRANK E. JASKI 
Assi Chief Engi 
Hydraulics Section 
Allis-Chalmers Mfg. Co. 








Providing both off-peak load and 
peak-load power, pump-turbines are an 
economical way to smooth system 
load curves. 


EVELING PEAKS AND VALLEYS in system 

load curves has become a major problem in long 

_d range power planning. One solution is to store 

energy when power demands are low for use when power 

demands are high. This storing of energy is being accom- 
plished with reversible pump-turbines. 

A reversible pump-turbine is similar in appearance to a 
Francis-type hydraulic turbine and, like a turbine, is de- 
signed to generate power when revolving in one direction. 
In addition, it pumps water when driven in the opposite 
direction by its generator-motor. 


System load curves are leveled by using the pump- 
turbine during off-peak periods, when low-cost surplus 
power is available, to pump water from a reservoir or 
supply at one elevation to a storage reservoir at a higher 
elevation. This stored water is later returned through the 
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open bay of the Tennessee Valley Authority's system during 1955. 
The unit and its location at Hiwassee Dam are indicated. 


unit and drives it as a turbine to generate power during 
peak demand periods. 


Can be economical with thermal systems 

At first glance, pumping water which consumes power in 
order to generate power at another time appears imprac- 
tical. However, closer examination often proves that 
pumped-storage power, in effect a hydraulic storage bat- 
tery which converts surplus electrical energy to water 
power for reconversion when it is needed, can be an eco- 
nomical method of supplying. peaking power for both 
thermal and hydraulic systems. 


Today, most of our electrical power is obtained from 
thermo-electrical systems. Larger and larger steam turbo- 
generators are coming into use. Higher temperatures and 
higher pressures are constantly being applied in order to 
improve performance and increase the ratings of these 
units. On many systems, operating these units at contin- 
uously high load factor is becoming a problem, because in 
the average load curve there are peaks and valleys that 
vary during a weekly cycle, and seasonal load demands 
which change from month to month. 


On many systems, some of the steam units necessary to 
supply the load during working hours of the day must be 
shut down or put on standby at night or over weekends. 
After cooling during shutdown, the steam units have to be 
warmed up again before they can go back on load. Such 
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THE WORLD’S LARGEST pump-turbine will be installed in the last 
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eating and cooling can cause serious stress con- 
litions in the units and result in outages for maintenance. 
If these units can be used to store their energy during low 
demand periods, rather than being shut down, they can be 


operated more economically, maintenance can be reduced, 
of the units materially increased. Pumped- 


storage hydroelectric power supplies a means of storing 
By supplying the off-peak load which fills the valleys in 
ycle, and supplying the additional energy re- 

quired during heavy peak loads, pumped storage conserves 
energy. It supplies the power for the top of the peaks 
and saves the equivalent amount of capacity load which 
would have to be supplied by additional steam or other 


Has advantages in hydro systems 





Pumped wage can also utilize surplus hydroelectric 
power. During rainy seasons or spring thaws, rather than 
Spillin 2g irplus water, much of it can be pumped into stor- 
age reservoirs during off-peak periods and released to sup- 
ply much needed energy when demands are at their peak. 
Si s hydraulic energy in a wet season can be pumped 
for release to replenish diminishing hydraulic 
i & dry seasons 

agara Falls is an excellent example of how surplus 
energy can be utilized by pumped storage. 
Unde new treaty between Canada and the United 
States, during the tourist season from May to October it 
will be necessary to leave a minimum flow over the Falls 
of 000 cfs during the daylight hours. At night this can 
be reduced to 50,000 cfs. The additional 50,000 cfs of 
water thus made available is of little use for power at 
nighttime, but if it can be stored it can be used during 
ght hours to generate much-needed peak-load 
power. To accomplish this, reversible pump-turbines will 
nstalled in Ontario on the Canadian side, and at Lewis- 

on, New York, on the American side. 
ese pump-turbines will lift water from the forebays 
of 1ew 300-foot head hydraulic plants that are to be 
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NOW IN OPERATION, the 12,000-hp Flatiron pump-turbine has a 
76-inch butterfly valve to control the flow of water. (FIGURE 1) 









added on each side, up into storage reservoirs about 100 
feet higher. During the daytime, water will be released 
under about 90 feet head to generate power through the 
purmp-turbines. This same water can then be used to gen- 
erate power through additional units in the 300-foot head 
plants. About 500,000-kw additional capacity can be added 
to each 300-foot head plant by utilizing pumped storage. 

A large reversible pump-turbine will soon be installed 
at the Hiwassee Power Plant of the Tennessee Valley 
Authority system. This unit will be the largest reversible 
pump-turbine in the world, and its motor, rated 102,000 
hp, will be the largest motor in the world. At present, 
there is a conventional Francis turbine in the plant. Be- 
cause of the seasonal flow in this area, a reversible pump- 
turbine was determined to be more economical than a dup- 
licate Francis turbine. The reversible pump-turbine and 
the Francis turbine will develop more energy at less cost 
per kilowatt than could two conventional Francis turbines 
(see Electrical World, May 11, 1953). 




































Appearance similar to popular Francis type 
With its impeller-runner shaft-connected to the generator- 
motor, a spiral case to lead the water into the runner for 
generating power or directing it into the penstock when 
pumping, a reversible pump-turbine looks like a conven- 
tional Francis turbine. The draft tube for discharging 
water into the tailrace when generating power doubles as 
a suction tube for pumping the water from the tailrace 
and guiding it into the impeller-runner. 

A reversible pump-turbine may have movable wicket 
gates around the impeller-runner to control the flow of the 
water in either direction, or the wicket gates can be 
omitted. Units having wicket gates give a higher eff- 
ciency when pumping because, as the storage reservoir is 
filling, the head will increase and the quantity of water 
pumped decrease. As the quantity changes, the wicket 
gates can be adjusted to provide the proper flow for best 
efficiency. When generating power, wicket gates are used 
for starting and synchronizing the unit and are then 
opened wide to develop the maximum power. 

(Continued on page 24) 











aed 
LOCATED at the extreme left within the Bureau of 
Reclamation’s Flatiron Power and Pumping Plant, the 
pump-turbine will pump tail-race water through an 
8-foot penstock and pressure tunnel system 1.1 miles 
long to Carter Lake (off picture to left). (FIGURE 2) 
(Photo courtesy Bureau of Reclamation) 
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HARNESSING HIWASSEE’S HORSEPOWER for use and re-use, the 
world’s largest reversible pump-turbine will be installed in an exten- 
on to the present powerhouse late in 1955. Articles beginning 


on pages 16 and 20 describe pump-turbines and generator-motors. 
(Photo courtesy Tennessee Valley Authority) 
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for Reversible 
Pump-Turbines 


by H. H. ROTH 


Motor and Generator Section 
Allis-Chalmers Mfg. Co. 








Two electrical ratings and modifications 
to facilitate starting characterize 
reversible generator-motors. 


HE ELECTRICAL HALF of a reversible pumped- 
storage unit differs from a normal hydro-generator 
in several respects. The important differences are: 


1. It must have a rating both as a motor and as a gener- 
ator. These ratings are usually different both in kva 
and power factor, and may sometimes be different in 
rpm or voltage. 

2. It must be capable of starting the unit when operat- 

ing as a synchronous motor, without excessive system 

disturbance. 

Ic must be able to operate in either direction of ro- 

tation. 


Ratings depend on hydraulic characteristics 

In many cases the amount of power drawn from the system 
during the pumping cycle will differ considerably from 
the amount that it is capable of generating. This differ- 
ence is dependent on the hydraulic characteristics of the 
particular installation. For example, a unit might require 
an average of 60,000 hp during the pumping cycle, but 
might develop only 50,000 hp at full gate during the gen- 
erating cycle. The electrical unit must be capable of carry- 
ing either load without overheating. For this particular 
example, the motor rating in kva corresponding to 60,000 
hp would be: 


Hp X .746  —_—_—-60,000 x .746 
Motor Eff.< PF ~ .96 1.00 
The output when generating would be: 

Hp X .746 X Gen. Eff. __ 50,000  .746 x .96 
PF 90 = 39,800 kva 


In the above calculation the assumption has been made 
that a PF of 100 percent would be satisfactory for synchro- 


We 





= 46,630 kva 
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ENERATOR-MOTOR UNITS 
















INSIDE THE FLATIRON Power and Pumping Plant, this 13,000-hp, 
8500-kva two-speed reversible generator-motor now in operation is 
similar in appearance to a conventional hydraulic genetator. 


nous motor operation during the pumping cycle and that 
90 percent PF would be required when generating. On 
this basis the kva motor rating of the unit is 13.7 percent 
larger than its generator rating. 


For single-speed operation the most economical unit is 
generally one in which the motor aud generator ratings 
are of equal kva. It might be that additional reactive kva 
capacity would be of benefit during the generating cycle 
to relieve other units on the system. If this is the case, 
the unit can be given a generator rating of 80 percent PF, 
resulting in a generator output of 44,750 kva — nearly the 
equivalent of the motor rating. 


There are a number of other variable conditions which 
may affect the selection of suitable kva ratings, such as: 


l. If the upper storage reservoir is relatively small, the 
pumping head may vary considerably during the 
daily pumping cycle, with a resulting horsepower 
variation during each cycle. The greatest power 
input when pumping would probably occur when 
the reservoir was empty, and a rating should be 
selected to suit this condition. 


2. If both upper and lower storage reservoirs are of 
large capacity, the hourly fluctuation in power input 
when pumping would be negligible. The head vari- 
ation in such an installation would be of a seasonal 
rather than a daily or hourly variation. 


3. When the head variations are of a seasonal nature 
the lower head condition, which requires the greater 
horsepower for pumping, may occur during the 
winter months when the water for the air coolers is 
at its lowest temperatures. This would result in a 
lower ambient temperature during the period of 
greatest load, and a kva rating could be selected on 
the basis of some overload under these conditions. 


Since the load characteristics of pumped-storage units 
vary considerably from one installation to another, each 
application must be considered in detail on its own merits 
when selecting the ratings for the electrical unit. 
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Two-speed units have their place 
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grees out of phase with those of the first group, and the 
total voltage generated will become zero. For example, 
the voltage generated in coil sides numbered 1 and 8 in 
Figure 2 are in phase with each other and are equal in 
value. Without the polarity reversal of the second group 
of field poles, the voltage generated in coil side 8 would be 
displaced 180 electrical degrees, as shown by vector 8a, 
and would be equal and opposite to the voltage of coil 
side 1, so that the two would add vectorially to zero. 


Thus, by reversal of polarity of the proper rotor pole 
groups and the use of a second stator winding, operation 
at a second synchronous speed may be obtained. However, 
not all speed combinations are feasible. 


Obviously, for 28-pole operation the machine's magnetic 
circuit is not used efficiently. Therefore, to produce a given 
kva with this arrangement requires a machine larger in 
physical size than normal. The stator must carry two in- 
dependent windings, one for each speed. Since the cost of 
a two-speed synchronous motor-generator is about 85 per- 
cent greater than the cost of a normal machine built for 
the lower of the two speeds, careful study of the proposed 
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FOR 24-POLE, 300-rpm operation, the 
two-speed machine operates as an ordi- 
nary 24-pole unit. Voltages generated 
in stator coil groups are in phase and os 
added in a straight-line vector. (FIG. 1) 
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STARTING FRICTION is reduced by forcing high pressure oil between 
the thrust bearing runner and shoes. Lubrication oil occupies the 
reservoir space around the bearing indicated with color. (FIGURE 3) 


installation must be made to determine if two-speed opera- 
tion can be economically justified. 


In some cases a different rated voltage may be desirable 
for motor operation than for generator operation. Such is 
the case for the Hiwassee unit being built for Tennessee 
Valley Authority, which will be rated 13,500 volts as a 
motor and 13,800 volts as a generator. This requirement 
is usually the result of locating the unit near the end of a 
transmission line where the large motor load encountered 
during the pumping cycle may result in a voltage drop. 


In two-speed units, each of the two stator windings can 
be designed for the desired voltage. In a single-speed 
machine, which utilizes the same winding for both motor 
and generator operation, the design is based on a compro- 
mise voltage to obtain proper operation at either voltage. 


Load and voltage are reduced to ease starting 


When operating as a motor for the pumping cycle, the 
machine must be capable of bringing the pump up to 
speed. Usually reduced-voltage starting, commonly used 
with smaller motors, is the most satisfactory method of 
starting the unit. The proper starting voltage is normally 
obtained from taps or possibly from a tertiary winding on 
the main transformer bank. 


In order to reduce the starting kva, the pump is un- 
watered. This is accomplished by closing the pump 
discharge valve and introducing compressed air into the 
pump to depress the water to a point below the runner. 
Thus the torque which the motor must develop during the 
starting period need be only sufficient to overcome the 
friction and windage of the unit, plus the torque required 
for acceleration of the unit's Wk. To further reduce line 
disturbance when starting, breakaway torque is reduced to 
practically zero by using a high pressure lubrication system 
to establish an oil film between the thrust bearing surfaces 
at standstill. 


A schematic diagram of a high pressure oil system for 
this purpose is shown in Figure 3. Oil is taken from the 
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HIGH PRESSURE oil pump, its driving motor, relief valve, 
filter, and other parts external to the bearing housing, 


indicated schematically in Figure 3, are shown. (FIG. 4) 


bearing oil reservoir at a point near the normal oil level. 
The oil passes through two strainers in series before enter- 
ing the suction side of the high pressure oil pump. The 
pump delivers oil at a pressure exceeding 1000 psig, in an 
amount approximately double the amount required to 
maintain sufficient oil film thickness in the particular 
bearing. A pressure relief device, together with a by- 
pass line, is provided to bypass the oil not required by 
the bearing. The parts of this high pressure system exter- 
nal to the bearing housing are shown in Figure 4. 


After leaving the pump, the oil passes through a high 
pressure filter to remove any sediment from the oil before 
it reaches the bearing shoes, then enters a manifold which 
is external to the bearing housing. Separate high pressure 
oil lines extend from this manifold to each bearing shoe. 
The oil then passes through internal passages in each shoe 
to an outlet near the center of the shoe’s babbitted surface, 
as shown in Figure 5.. A circular groove in the babbitt 
assists in distribution of the oil over the shoe surface. 





CIRCULAR GROOVES near the center of each thrust bearing shoe 


distribute the lubricating oil under high pressure. (FIGURE 5) 
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This high pressure system is now being installed on all 
pumped-storage units and on other hydroelectric genera- 
tors where operating requirements make it desirable. Ex- 
perience with installations already made shows that, with 
the high pressure system in operation, breakaway torque 
is reduced to a value low enough so that one man can start 
a large unit rotating by pushing against one of the rotor 


spider arms. 


Generators for hydroelectric plants are usually equipped 
with amortisseur or damper windings, which are noncon- 
tinuous between poles. In order to develop the starting 
torques required for a pumped-storage application, this 
winding must be continuous between poles, and special 
attention must be given to supporting the connections be- 
tween poles against centrifugal stresses at overspeed. The 
amortisseur winding may also need high thermal capacity 
in order to absorb the heat generated in it during the 


starting period. 


Pumped-storage units may also be started for the pump- 
ing cycle by other methods when local conditions permit 
For example, if the pumped-storage machine is 
located in a power plant containing other normal hydrau- 
lic generator units, it may be started by tying it electrically 
to a generating unit with both machines at standstill, 
and bringing the two up to speed in synchronism. This 
requires a separate source of excitation for both machines, 
since field current must be applied to both units at stand- 
time direct-connected exciters are in- 


their use 


still, at which 


operative. 


This same method can be used to start a pumped-storage 
unit when using a generating unit located at a remote 
point, provided a transmission line that can be isolated 
from the system during starting periods is available. After 
the unit is up to speed, it can be synchronized with the sys- 
tem and operated in a normal manner. 


Modifications are required for reversible rotation 


A reversible pumped-storage unit must operate in either’ 


direction of rotation — one direction for pumping and the 


other for generating. Reversal of rotation is accomplished 
electrically by reversing the line connections to two ter- 
minals by means of a double-throw disconnect switch or 
by means of two separate interlocked circuit breakers. 


Certain mechanical modifications are necessary to per- 
mit such operation. For example, axial-flow type rotor 
fans cannot be used for machine ventilation. Instead, a 
radial-bladed centrifugal-type fan is used to give effective 
machine ventilation regardless of the direction in which 
the machine is rotating. 


The Kingsbury-type thrust bearing is inherently suitable 
for operation in either direction of rotation and requires 
no special consideration. The guide bearing or bearings 
must, however, be modified by the addition of a second 
set of oil grooves. Guide bearings for vertical machines 
are self-lubricated by grooves in the babbitt which slope 
upward in the direction of rotation, as shown in Figure 6. 
The rubbing of the shaft against the oil trapped in these 
grooves produces a viscosity pump action which effectively 
circulates the oil through the bearing. For a reversible 
unit each guide bearing must be provided with an addi- 
tional set of oil grooves of opposite inclination. This pro- 
vides proper oil circulation in either direction of rotation. 


The principal differences between a generator-motor for 
reversible pumped-storage use and a normal hydro-genera- 
tor include the addition of a motor rating, the require- 
ments for synchronous motor starting, and modifications 
for reversible operation. A number of minor considera- 
tions also arise. For example, the polarity of the main and 
pilot exciters reverse with a change in the direction of 
rotation, and zero center meters are required for the ex- 
citation circuits. On the other hand, the characteristics of 
a reversible pump-turbine, as compared to a normal hy- 
draulic turbine, sometimes simplify the design problems of 
the electrical unit. The overspeed of such a unit is some- 
what lower than for the usual hydraulic turbine, permit- 
ting a greater latitude in electrical design. Since pumped- 
storage units will seldom be used for system regulation, 
normal values of flywheel effect are usually satisfactory. 





GUIDE BEARINGS are self-lubricated by viscosity pump action as the roteting shaft carries oil up grooves in the 
babbitt. For reversible generator-motors, two sets of grooves having opposite inclination are required. (FIGURE 6) 
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PUMP-TURBINES 


(Continued from page 17) 

During periods when the reservoir is full and pumping 
is not required, the unit can be operated for best efficiency 
as a turbine by adjusting the wicket gates to conserve 
water. In some cases where the storage reservoir is very 
large, such as at Hiwassee, the pump-turbine can be 
operated like a conventional Francis turbine. If there are 
no wicket gates, a butterfly valve is provided and used for 
starting and synchronizing, then opened wide for genera- 
tion or pumping, and closed for shutting down. 

A conventional Francis turbine does not make a good 
reversible pump-turbine. The runner, designed for gener- 
ating power, does not make a good pump impeller. An 
impeller-runner for a reversible pump-turbine is usually 
larger in diameter than a Francis runner, and the buckets 
are designed to give high efficiency for flow in either direc- 
tion. A Francis turbine would have to be run at much 
higher speed for pumping against the head used for gen- 
erating power. Unstable flow when pumping would cause 
noise, and possible vibration and damage to the runner. 
In addition, a Francis turbine would have to be submerged 
much deeper below tailwater than a reversible pump- 
turbine in order to avoid cavitation. 


Starting and stopping the unit as a pump 
A reversible pump-turbine, like a centrifugal pump, must 
have its runner at least partly submerged in the water in 
order to avoid priming. When starting as a pump, the 
wicket gates are closed, the motor is started and the unit 
brought up to normal speed. When full pressure is built 
up against the closed wicket gates, they are slowly opened 
to proper gate opening (usually 80 to 90 percent gate) 
and water flows up the penstock into the storage reservoir. 
The wicket gates remain in this position until, with rising 
head, flow diminishes and a new gate position is necessary 
to maintain maximum efficiency. If the pumping period 
lasts 9 or 10 hours and the change in head is very gradual, 
the gates may need to be adjusted only two or three times. 
At the end of the pumping cycle the wicket gates are 
slowly closed to zero gate opening before the motor is dis- 
connected from the line. 

Generally speaking, reversible pump-turbines will be 
large, rated 10,000 horsepower or more. Since the shutoff 





power required to drive the pump with closed wicket gates 
may be great enough to cause system disturbances — it 
varies between 40 and 90 percent of rated power, depend- 
ing upon the specific speed of the pump—a method of 
reducing these disturbances was developed. With the 
wicket gates closed, compressed air at about 100 psi is 
admitted through a pipe on the cover plate, forcing the 
water out of the runner, reducing shutoff power to 
approximately 3 to 5 percent of full-load power, thus min- 
imizing any disturbance when the motor is disconnected 
from the line. 


A similar method is used to reduce current inrush when 
placing the pump load on the line. Just before starting 
the pump, the wicket gates are closed and compressed air 
is admitted in the same manner. Initial blowdown of the 
water is accomplished at 100 psi, and this pressure is main- 
tained until the water level drops to 2 or 3 feet below the 
bottom of the runner. Then a float switch, connected to 
the side of the draft tube, cuts off the main supply of com- 
pressed air, and a smaller auxiliary valve opens as the water 
level begins to creep upward. This smaller valve bleeds in 
just enough air to maintain the water level in the draft 
tube within a range of about 2 feet. 


After the water is blown down, the unit is started with 
the impeller-runner rotating in air. In this manner, start- 
ing load is reduced and any disturbance to the system is 
insignificant. When the unit is up to speed, air is expelled 
through the connection on the cover plate, permitting the 
water to rise and fill the runner. After all the air is expelled, 
the wicket gates are opened and the unit starts pumping. 


As a turbine 

When starting a reversible pump-turbine as a turbine, the 
wicket gates are opened a small amount, and the unit is 
brought to normal speed without any load. It is synchro- 
nized to the line before the circuit breaker is closed. Then 
the wicket gates are adjusted to carry the load assigned to 
the unit. Shutting down is the reverse — the wicket gates 
are closed slowly, and when the unit reaches speed no load 
the circuit breaker is opened to remove the unit from the 
line. Then the wicket gates are closed to zero gate, and 
after the unit slows down, brakes bring it to a stop. 


= 





AS A TURBINE, powerhouse tests to date have been confined to 
a narrow range indicated between dotted lines. Close conformity to 


will be exceeded. (FIGURE 4) 





model! tests indicates g fi 



































RATED TO GENERATE 80,000 hp under 190-foot head at 105.9 rpm and to pump 3900 cfs 
against 205-foot head at the same speed, the Hiwassee unit will use wicket gates. (FIGURE 5) 


If there is. an electrical failure which disconnects the 
generator-motor from the system when operating as a 
turbine, the unit may overspeed and can go up to full 
runaway speed. However, runaway speed for a reversible 
pump-turbine is generally less in proportion to normal 
speed than for a Francis turbine, and the pump-turbine 
and generator-motor are built to operate safely at maxi- 
Of course, the wicket gates will be ar- 
ranged to close in such an event, and the overspeed will be 
of short duration. 


, 
mum Overspeed 


Synchronizing can be done with a butterfly valve 


If there are no wicket gates, a butterfly valve is used to 
start up the pump-turbine. When starting as a pump, the 
butterfly valve is closed. Compressed air at 100 psi can be 
used to blow the water out of the spiral case and runner in 
the same manner as with wicket gates. After the pump is 
up to speed, the air is expelled and pressure built up against 
the closed butterfly vaive. When all of the air is expelled, 
the valve is opened slowly to its full open position and 
water is pumped up the penstock. When shutting down 
the butterfly valve is closed and the unit is taken 


off the line 


the unit 


For starting as a turbine, the butterfly valve is opened a 
small amount (10 to 30 percent). The unit gradually 
1es up to speed, and the valve opening is limited to an 
amount that will hold the speed of the unit just below 
normal. Then a small bypass valve is opened and the speed 
creeps up to normal. This can be closely regulated and 
synchronizing with the line is very smooth. After synchro- 

zing, the circuit breaker is closed. When shutting down 
the butterfly valve is closed slowly, and when the 
generated output comes down to zero the circuit breaker 
is opened. This is speed no-load position on the butterfly 
valve, and the valve continues to its full-closed position. 








cor 








The butterfly valve is always wide open when the unit 
is pumping or generating. It is not used to regulate flow 
because the valve gate or wicket causes disturbance in the 
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flow of water when in a partly open position. Noise 
results and cavitation takes place. If allowed to continue 
for a long time, damage to the valve housing and wicket 
from pitting may result. Of course, in normal operation 
the time for synchronizing is very short, 3 to 5 minutes, 
and not long enough to cause any significant damage. 


Submerged setting is necessary 

A pump-turbine must have its impeller-runner full of 
water or, with the vertical type generally used, the lower 
part of the runner buckets must be submerged in order to 
start pumping. The distance that it has to be submerged 
below tailwater depends upon the head and discharge at 
the start of the pumping cycle. 

In order to maintain proper flow through the impeller- 
runner when pumping, there must be sufficient pressure 
head at the bottom, or eye diameter. This head is some- 
times called the Net Positive Suction Head, NPSH. It is 
expressed in feet of head above zero on an absolute scale. 
The NPSH is expressed by the following formula: 

NPSH = H, — hvap + hs 

where H, = atmospheric pressure in feet of water — 
33.9 feet at sea level (about 1 foot less for 
each 1000 feet of altitude above sea level). 
hvap = pressure at which water vaporizes at the 
temperature of the water (about 1 foot 

for 75 F). 
4s = distance in feet from tailwater to bottom 
of runner buckets (+ if tailwater is above 
and — if tailwater is below the buckets). 

The ratio of the NPSH to the total head is called sigma. 


This ratio becomes critical when cavitation starts in the 
impeller-runner. Cavitation will cause a disturbance in the 
flow, which may in turn cause a breakdown in the head, 
accompanied by a loss in efficiency when pumping. In tur- 
bine operation, cavitation may cause a breakdown in the 
horsepower developed, also accompanied by a loss of effi- 
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ciency. Therefore, the sigma used for each application 
must be greater than the critical sigma. Generally speak- 
ing, high head pump-turbines will require lower sigmas 
(.05 to .10), while low head units require higher sigmas 
(.30 and up). The sigma for proper submergence must be 
figured for the lowest pumping head, usually occurring at 
the start of a pumping cycle. 

A pump-turbine would not be set with its horizontal 
centerline above tailwater, because this would require ex- 
ternal priming by pumps or ejectors to raise the water into 
the impeller-runner. During the pumping cycle the tail- 
water can be drawn down a limited amount, because as the 
head goes up the discharge is reduced and the critical 
sigma is lowered. If the centerline of the pump is sub- 
merged sufficiently to satisfy the critical sigma for pump- 
ing, it will be adequately located to prevent cavitation 
during turbine operation. 


Two-speed operation 

Sometimes it is possible to obtain better performance by 
operating the pump-turbine at a lower speed for turbine 
operation than for pumping. The pump-turbine now in- 
stalled in the Flatiron Power and Pumping Plant of the 
Bureau of Reclamation in Colorado is of this type. It 
operates at 300 rpm when pumping and at 257 rpm when 
generating power. It has a synchronous 60-cycle gener- 
ator-motor that was especially designed for this applica- 
tion. By running at the lower speed as a turbine, the unit 
develops higher overall efficiency and develops more horse- 
power at the lower heads. In this application the head 
varies from 290 feet to 140 feet for the turbine, and 170 
feet to 300 feet for the pump. When head range is as 
large as this, runner characteristics may be such that more 
power and higher efficiencies are obtained by running the 
turbine at a lower speed than the pump. Of course, the 
generator-motor is more expensive to build for two-speed 
operation, and the gain in horsepower and efficiency must 
be enough to justify the additional cost. Additional 
switching equipment is also required when two-speed 
operation is used. At the higher heads (500 to 1000 feet), 
the head range will probably not be enough to make two 
speeds economical,‘ while for heads below 150 feet the 
characteristics of the runner are such that there is not suffi- 
cient gain in performance to justify the additional cost. 


Size of units and head limits 


Reversible pump-turbines can be built in sizes as large as 
are practical for Francis turbines. They can be built to de- 
velop 150,000 hp and more in a single machine, if a suit- 
able generator-motor can be matched to their speed and 
power. The larger impeller-runners can be cast in sections 
and assembled at the powerhouse by bolting the sections 
together. The impeller-runner for the Hiwassee pump- 
turbine will be made in three sections, because it is more 
than 22 feet in diameter. 

Reversible pump-turbines can be furnished for the same 
range of head that is practical for Francis turbines. They 
can be used under heads as low as 50 feet, or as high as 
1200 feet. Low specific speed reversible pump-turbines 
are used for heads 200 feet up to 1100 feet, and high 
specific speed units for heads below 200 feet. They are 
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single-stage machines, and the selection must consider how 
much excavation will be required for the proper submerg- 
erice; also. whether a suitable speed can be obtained to 


‘match the speed of a synchronous generator-motor. 


Pump-turbines prove themselves in use 
Reversible pump-turbines will generally develop higher 
efficiency when pumping than when operating as a turbine. 
For example, efficiencies as high as 92 percent can be ex- 
pected for the larger units in the medium specific speed 
range when pumping, while the corresponding turbine 
efficiency may be 1 to 5 percent lower, depending upon 
the specific speed of the unit and whether it is operated 
for maximum efficiency or for maximum kilowatts deliv- 
ered to the switchboard. 

Three identical reversible pump-turbines have been 
built for use in Brazil, two for the Pedreira Pumping Sta- 
tion and the third for the Edgard de Souza Plant. These 
units are rated 19,000 hp under 89 feet head as turbines, 
1800 cfs against 78 feet head as pumps. The speed is 
150 rpm. The first unit has been in operation for over a 
year and has given fine performance. 

A two-speed reversible pump-turbine built for the 
Bureau of Reclamation has been installed at the Flatiron 
Power and Pumping Plant near Loveland, Colorado. This 
is a completely new development and is the first two-speed 
unit in the world. Water is pumped from the tailrace of 
the powerhouse through a penstock and tunnel about 
7500 feet long into Carter Lake, where it is stored for 
irrigation. The surplus water, not required for irrigation, 
is returned through the unit to develop power. This unit 
will generate more than 12,000 hp under 290 feet head, 
and will run at 257 rpm. It will pump 370 cubic feet of 
water per second against a head of 240 feet, and will run 
at 300 rpm for pumping. Preliminary results of power- 
house tests conform closely to the model tests and indicate 
that all guarantees will be exceeded by ample margins. 

Of course, each application must be studied and judged 
upon its own merits, but there are a great many installa- 
tions where pump-turbines will be found to be economical 
and will be a sound investment. 
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PART 2 


R EASTERN STATES, with the Appalachian 
Mountains and their Piedmont areas passing 
were especially fortunate in having had 


] 


easily developed water power sites. These were 


nrougn, 
é 


us¢ t great advan age, not only in New England and 
Virginia, but in New York State, New Jersey, and Penn- 
Long Island, New York, had many old mills,’* 





of overshot wheels were scattered 


ughout the Catskill Mountains. 
Washington in 1790 paid a historic visit to Roslyn, 
Long Island, New York (called Hempstead Harbor prior to 
84 His diary for April 24th of that year mentions his 


Si h Heinrich Onderdonk, operator of a grist mill 
paper mills. Evidence in the possession of 
esse Merritt, Nassau County historian, places the build- 


ng of the older Onderdonk paper mill as 1733 or earlier. 
According to Morton Pennypacker, Suffolk County his- 
that New York State's first 
| was established in Roslyn. By the 1890's even 


ere 1S no doubt 


Roslyn’s second paper mill was discontinued, and the 
el had already been replaced by steam power.'* 
t paper mill in America'* was erected on Wissa- 
n Creek at Germantown, near Philadelphia, in 1690. 
The needs of a Philadelphia printer, William Bradford, 
ambitious German paper maker William Ritten- 

use made this mill and partnership prosper. 
Ruins in the northwest part of New Jersey bear silent 


the old Oxford furnace of more than 200 years 
“beside a raceway that carried water from 
Furnace Creek to turn the water wheel that ran the stamp- 


} 
az I tood 
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AMERICA’S LARGEST overshot water wheel, built by Burden at 
Troy, New York, in 1851 was 60 feet in diameter and powered 
machines mass producing spikes and horseshoes.* (FIGURE 1) 


ing mill, as well as the big leather bellows that blew air 
into the furnace.” “It was built in 1742 by Jonathan 
Robeson, in what was then the wilds of Morris (now War- 
ren) County, and for 140 years served New Jersey well.”'” 
After the Revolutionary War, the trail of the pioneer 
led into western Pennsylvania, Kentucky, Ohio and the 
Northwest Territory. With him came the ubiquitous grist 
mill, saw mill, and his desire to establish new industries, 
which again prospered because of water power. Although 
the iron industry had crossed the Susquehanna River west- 
ward as early as 1760, “the first furnace west of the Alle- 
ghenies was built in 1790 on a little stream that became 
known as Jacob's Creek, an affluent of the Youghio- 
gheny.”"® “All of the early forges used water power, 
producing charcoal iron. Coal, which was to revolutionize 
the industry, came into use on the eve of the Civil War.”"* 
The demand for overshot wheels about this time caused 
Samuel Fitz to start the manufacture of “Overshoot Water 
Wheels” in the year 1840 at Hanover, Pennsylvania. The 
company he established, through the years has built this 
type of wheel — primarily of wood at first; later, of all- 
steel construction and quite efficient design. Wheels of 
30 and 40 feet in diameter are still in operation. A 1928 
Fitz water wheel catalog states: “These wheels have 
brought prosperity to water power mills throughout the 
country for they afford steady power and constant service 
from streams that would be worthless with any other type 
of wheel. There are more than 750 mills and factories in 
the State of Virginia alone.” Fifteen hundred overshot 
wheels are estimated to be in operation today (1954). 


* Photo courtesy Greater Troy Chamber of Commerce. 











Burden overshot holds American size record 
The demand for Henry Burden’s'* machine-made spikes 
became so great that on two occasions he increased his 
water power capacity on Wynantskill, which enters the 
Hudson at Troy, New York. First, in 1838-39 he replaced 
five separate water wheels with one very large one. “In 
1851 the old wheel was replaced by the present one, which 
is hereafter described. Standing upon one of the galleries 
winding about its huge frame, the visitor beholds this 
mighty wheel majestically doing the work of twelve hun 
dred horses. It is an overshot wheel, sixty feet in diameter, 
and with a width of twenty-two feet. Around its broad 
periphery are thirty-six buckets, six feet three inches deep. 
Six hollow cast-iron tubes form the axis of this great 
wheel, which are keyed into flanges, seven feet in diameter, 
and from each flange diverge iron rods two inches thick. 
264 in number, which terminate at the circumference of 
the wheel. The water, which sets in motion this remark- 
able wheel, flows from a reservoir-dam, about 1200 feet 
distant, through a canal to the distributing reservoir, hav- 
ing a head of eighteen feet above the wheel.”'® 

It was the duty of the wheelman to regulate the water 
supply so that the wheel, shown in Figure 1, would turn 
at constant speed of 2! rpm, as required. The annular seg- 
mental rack drove 7-foot diameter pinions, the latter being 
keyed to shafts extending some 31 feet into the factory.*” 
“Looking upon the trains of rolls, the rotary squeezers, the 
furnace blowers, the horseshoe rivet and punching ma- 
chines, and the other appliances in motion for manufactur- 
ing iron, one sees more appreciably the immense power 
furnished by this huge wheel constructed by the master- 
mind of Henry Burden.”!® Abandoned about 1897, it 
nevertheless remained intact for some fifteen years longer. 

In comparison, the famous Laxey overshot wheel, built 
in 1854, on the Isle of Man, England, had a 72-foot 6-inch 
diameter, but only a 6-foot width. It developed about 
230 hp to pump water from a 1250-foot deep mine aban- 
doned in 1929. The wheel remains as a tourist attraction.”! 

Rice’s old mill, illustrated in Part I, some 30 miles north 
of Knoxville, dates back to the time John Adams was Presi- 
dent. About 1790, a group of families from the western 
Carolinas settled in the fertile Clinch River valley. Here, 


in 1798, James Rice, by his own skill and knowledge of 
machinery, built this grist mill with its overshot wheel. 
The mill was always kept in good repair and operation 
from generation to generation until 1935, when Norris 
Dam was constructed. At that time, it was systematically 
dismantled by the National Park Service and carefully re- 
built in another nearby location. 






1879, 





PATENT DRAWINGS, dated September 


show 


Stephen M. Smith’s turbine. 


McCORMICK WHEELS, built by sev- 


eral 


widely used early turbines. 





Originally the shaft was poplar, but around 1900 was 
replaced by one made from a huge oak log. The cog 


wheels were made of choicest hickory. By 1893 a more 
modern grinding process had been installed to produce 
bolted flour. People within a radius of 15 to 20 miles 
brought their wheat and corn to Rice's mill for grinding. 
Over the years, various attachments had been devised so 

t the old mill, in addition to grinding grain, could saw 
gin cotton, and operate grinding and other tools, 
i a trip hammer. About 1899, a small dynamo 
attachment was constructed for generating electric power 
for lighting the mill and Rufus Rice’s home. These lights 
were a topic of wide conversation, for electric light had 
almost unheard of in that section of Tennessee.** 


nber, 





n 


peen 
In the old pioneer days the water wheel driven mill was 
1t only an economic necessity but served as a social center, 
hich ranked second only to the church. The early settler 
would sling a bag of grain across the back of his horse or, 
living at greater distance, might haul his grist or logs by 
eam. Since “going to mill” was one of the few occa- 
sions when busy neighbors could chat together and ex- 
change ideas, such trips came to be regarded as pleasure 
than a burdensome chore. 
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rather 

In more level areas of the Middle West, good water 
power sites were not always plentiful for these essential 
grist mills. At Whitewater, Wisconsin, for example, the 
only practical mill location in the 1830’s was owned by a 
man without capital to build one. Community pressure 
compe him to either build, sell, or be run off his claim. 
\ doctor bought his claim for $500 and a mill was built.** 


lled 


Water wheels spread out with the pioneer 
The first settlement in Indiana was established at the Falls 
of the Ohio in 1784,'* opposite the present city of Louis- 
le, Kentucky. Lumber and grist mills at St. Anthony 
Falls (Minneapolis), Minnesota, were built as early as 
1822.14 Streams throughout the Middle West were being 
spotted for small mills. 
1849 Milwaukee, Wisconsin, had four water power 
flouring mills and one steam mill.”**. In that city, one 
especially grew rapidly, meeting the early de- 
mands for water wheel driven saw and milling machinery. 
By 1873 its millstone department had roughly 50 men 
devoted to o nO but dressing French burr millstones.”*° 
In 187 


gan Smith 


By 


factory} 


a turbine invented and built by Stephen Mor- 
, shown in Figure 2, was the start, at York, 
another water wheel business. 


The 


Pennsylvania, of yet 


E. P. Allis Company. 


unique gate features of 
(FIGURE 2) 


were among the 
(FIG. 3) 


manufacturers, 




















original 18-inch turbine was installed and operated for 
Jacob's grist mill on Beaver Creek. With the trade 
name Success, improved turbines of this make appeared, 
being supplemented in 1889 by the acquisition of manu- 
facturing rights for the McCormick turbine,?* of which 
varieties were also built by others like Jolly, Hunt, and 
One is shown in Figure 3. 





Wellman-Seaver-Morgan. 


First hydroelectric central station built 
Most authorities agree that the first hydroelectric central 


station in the United States, if not the first in the world, 
was in a small shed-like building at Appleton, Wiscon- 
sin,”** shown in. Figure 4, placed in operation Septem- 
ber 30, 1882 — just 26 days after the first operation of 


Edison's famous Pearl Street steam-electric central station 
in New York City. H. J. Rogers, a leading businessman, 
who had organized the Appleton Edison Electric Company, 
thus lighted his own new residence and two paper mill 
buildings. The service was from “dusk to dawn.” 

[he station had a small vertical turbine wheel, built by 
Morgan and Bassett, under patents of a Mr. Elmer of 
Berlin, Wisconsin. The wheel was 314 feet in diameter 
and operated at a speed of 72 rpm under 10-foot head. 

1 gears drove a horizontal jack shaft having a big 
pulley belted across to a line shaft. A second pulley on the 
line shaft was then belted back to a horizontal Edison dc 
which produced enough current to supply 250 


Big bev e 


dynamo, 
16-candlepower lights (about 12144 kw).?§ 

The August 21, 1886, issue of the old Electrical World 
stated that “at the present time, there have been between 
10 and 50 American and Canadian electric light plants 
depending largely—many « . . wholly—upon water power.” 

Most notable in the East were Rochester, Niagara, Hol- 
yoke, West Massachusetts; Laconia, New 
Hampshire; and Skowhegan, Maine. In Canada, there 
were Dunnville, Galt, Napanee, Ottawa, Pembroke, Port 
Hope, and Peterborough. The largest plants in the South 
were at Lynchburg, Virginia, and Columbus, Georgia. 


Somerville, 


In the Middle West those cited were at Dayton, Ohio; 
South Bend, Indiana; and at Aurora, Elgin, Sterling, and 
Ottawa, Illinois; Alpena and Grand Rapids, Michigan; 
Crookston and Minneapolis, Minnesota; and Beatrice, 
Nebraska. In Wisconsin there were Appleton, Eau Claire, 
Wausau, and Janesville. The Far West had Aspen, Colo- 
rado; Ogden City, Utah; and Spokane Falls, Washington. 











Rushmore** states that by 1896 (just 10 years later) 
there were nearly 300 hydroelectric plants in operation. 


Water power speeds industrial growth 

Rochester, New York, is selected as representative of many 
American cities made large and prosperous by plentiful 
adjacent water power, which, in these early days, was al- 
most the only reason for their coming into existence. 
Here the total fall of the Genesee River was about 257 
feet, divided into several cataracts. Ebenezer Allen built 
a saw mill and a grist mill as early as 1789.14 Water 
wheel driven flour mills followed and flourished during 
the years wheat was still abundantly grown in that area. 
Later, many other industries derived mechanical power 


from the Genesee River 
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As already noted, Rochester was one of the early cities 
to convert part of its water power into electricity. The 
April 14, 1888, and August 10, 1889, issues of Electrical 
W orld call attention to a hydroelectric plant at the foot of 
Lower Genesee Falls, under 94-foot head, which included 
15 twin 15-inch “Lesser” turbines of 300 hp each. The 
power was used for “about 1200 arc lights, some 200 
motors, and over 1000 incandescent lamps.” The August 
24, 1889, issue tells of the J. G. Davis & Co. having put in 
a single horizontal cylindrical casing 90-foot head Victor 
turbine, with grooved pulley for rope transmission, to 
drive a 500-barrel flour mill, a 50-light dynamo and a 
freight elevator — throwing in and out the latter being 
“scarcely perceptible.” 


In this age of individual motor drives for each machine 
in our modern factories, it is difficult to visualize mills all 
cluttered by a maze of pulleys, ropes, belts, gears, and long 
line shafts. Nevertheless, all transfer of early water power 
from wheel to driven machine was entirely mechanical. 
As larger and larger water wheels or turbines were re- 
quired to drive a series of flour mills, textile mills, or other 
machines, this mechanical transmission became quite com- 
plicated. Pulleys on one or more jack shafts drove line 
shafts on other floors, or even into adjacent buildings 
where the power was used. For several decades, even after 
the advent of the hydroelectric unit, mechanical drives 
were still common practice. 


In November 1891, for example, a brand new power 
plant, shown in Figure 5, was put into operation at the 
foot of Rochester's Genesee Falls. It consisted of two 
separate twin horizontal turbines, each of 600 hp under 
87-foot effective head. A 5-foot rope pulley on each tur- 
bine shaft transmitted the power to an elevation 90 feet 
above the turbine floor. Here a 12-foot rope pulley on a 
horizontal main shaft transmitted the power into the upper 
factory level, for further distribution. The rope speed, said 
to be one of the highest, was 7540 feet per minute.*° 


“As late as 1890, eight years after Appleton, experts 
from many parts of the world who were studying the 
Niagara Falls power potentialities still recommended the 
transmission of mechanical power by rope drive, water 
pressure and compressed air . . . there was much skepticism 
about going to the relatively unproven medium of elec- 


























AMERICA’S FIRST HYDROELECTRIC central station is shown in cut- 
away to expose equipment installed in generator room. (FIGURE 4) 
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LONG ROPE transmissions to line shafts were common practice in 
the 1890's. This Rochester plant was built in 1891. (FIGURE 5) 


tricity. The promoters of Niagara were even led to offer 
a monetary prize for a workable solution to this problem 
of transmission. It is interesting . . . that both Lord Kelvin 
and Thomas Edison recommended direct current transmis- 
sion, while George Westinghouse seems to have been alone 
among the experts recommending alternating current.** 

About 1725, and some 47 years after Father Louis Hen- 
nepin first saw the Falls, the first water wheel driven saw 
mill was constructed along the Niagara River by the 
French to furnish lumber for Fort Niagara.*! Not until the 
1860's and 70's was water, brought around to the 215-foot 
high bluff, utilized in modest quantities under an assort- 
ment of heads up to 90 feet. Only after the Schoellkopf 
interests took over in 1877, and the canal had been en- 
larged, was there real evidence of power development. 

The proprietary interests of the canal produced and 
transmitted mechanical power to adjacent buildings of 
their main factory clients. A little of this, furnished in 
1881 to the Brush Electric Company, was in turn utilized 
to drive a generator producing enough current for 16 arc 
lights. This installation has been precluded from consider- 
ation as a central station because the water power and 
electric power were not produced on the same premises or 
by the same company.”* 

The year 1895 was outstanding at Niagara, marking the 
record installation of the first ten 5000-hp hydroelectric 
units built for the Niagara Falls Power Company at Sta- 
tion 1. They were of the double-runner Fourneyron type, 
built by the I. P. Morris Company from designs of Faesch 
and Piccard, of Geneva, Switzerland, for a head of 135 feet. 
Clemens Herschel,* as consultant for the first big Niagara 
developments, was convinced that Swiss hydraulic turbine 
designs were superior to American ones of that early day. 
Slightly earlier, the largest capacity hydroelectric units in 
America with reaction-type turbines were one 2000-hp 
and two 1000-hp Globe Iron Works units installed in 
1893 at Niagara, Ontario, under 65-foot head.** 

In 1896 at Station 2, Leffel came in with 1650 and 
1900-hp units under 212-foot head. These, together with 
some by I. P. Morris, provided a total of fifteen more units. 





* First manager (1904) Allis-Chalmers Hydraulic Dept., inventor 
of the Venturi meter. 
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INSTALLED IN 1904 at Rochester, N.Y., this 1250-hp, 88-foot head, 


50-year-old. turbine is still in operating condition. (FIGURE 6) 
In 1902, for the same station, eleven more 5000-hp, 135- 
foot head units were built by I. P. Morris from designs of 
Escher-Wyss, of Zurich, Switzerland. 

At that time the 200-foot high bluff below the Ameri- 
can Falls resembled a huge dyke which had sprung large 
leaks at many elevations, each leak representing one or 
more of these early Niagara water power installations. 

In 1901 the E. P. Allis Company worked out a merger 
which united it with several other well-known industrial 
firms* to form Allis-Chalmers. This new company recog- 
nized that water power development in America was on 
the threshold of a new era, involving much larger capacity 
hydroelectric units under much more difficult operating 
conditions.t It therefore engaged Clemens Herschel to 
work out an arrangement to utilize designs and technical 
help from the Swiss,** and in 1904 entered the hydraulic 
turbine business. The first turbine built and installed that 
year, shown in Figure 6, is still in operating condition 
(1954). Rated 1250 hp at 360 rpm under 88-foot head, 
it was constructed for Station 4 of the Rochester Railway 
and Light Company. 


Impulse wheel originated in the Far West 

The discovery of gold by James Marshall while building 
a water-powered lumber mill for John A. Sutter near 
Coloma, California, in 1848, caused a tremendous west- 
ward migration, both by land and sea, of people seeking 
their fortunes through mining. Mining required power 
machinery, and steam-driven equipment was too bulky and 
costly to trek across the wilderness of a continent. A new 
type of water wheel solved the problem, and made the 
Far West flourish. 

We are greatly indebted to an engineer, named W. A. 
Doble, who 55 years ago prepared a long treatise on “The 
Tangential Water Wheel.”** These wheels were “essen- 
tially a California development, in that their perfection 
was brought about through the natural conditions imposed 


* Included were Fraser-Chalmers and Gates Iron Works, both 
of Chicago. 

+ Bullock Electric Co., builders of generators, became a part of 
this company in 1904. 

** Modified Escher-Wyss practice soon developed into new inde- 
pendent design for American requirements. 
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EARLIEST of western tangential water wheels, the 
hurdy-gurdy was developed in California. (FIG. 7) 
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THIS PUMPING ENGINE, built for the City of Niagara Falls 
in the 1890's, was driven by an impulse wheel. (FIGURE 12) 





of San Francisco and Professor Hesse of the University of 
California. Doble states: “While it is cheerfully con- 
ceded that Mr. Pelton may have made his invention with- 
out cognizance of the work previously done by either Mr. 
Moore or Professor Hesse, the fact remains that his work 
was several years later than theirs.” He did believe, how- 
ever, that Pelton was entitled to the credit he claimed. 


Even by the end of the 19th century, many improve- 
ments had been contributed by large numbers of people and 
companies. Among the latter were the Abner Doble Com- 
pany, the Risdon Iron Works of San Francisco, and the 
Pelton Water Wheel Company. Advancements involved 
better shapes and curves for the faces of the buckets, new 
methods of fastening buckets, and ways of controlling 
single and multiple jets. Even predating Doble’s writing, 
in 1899, the impulse wheel had already permitted “a very 
wide and free scope to the designer, wheels having been 
made in California from 3 inches to 30 feet in diameter, 
and to work under heads from 35 to 2100 feet under 
speeds ranging from 65 to 1150 rpm . . . a number of 
single wheels having a capacity of not less than 1000 hp 
each.” He concluded, “that the development of open or 
impulse wheels, like all other mechanical implements, had 
to pass through a period of evolution, and the results ob- 
tained are the cumulative work of many men.” 


How the above two basic improvements in the hurdy- 
gurdy affected its efficiency is told by W. E. Wines in a 
May 26, 1897, article** concerning earlier model tests con- 
ducted at the University of California using a +g-inch jet 
under 50-foot head. Efficiencies obtained were 40.4 per- 
cent with just flat buckets, 65.6 percent using plain curved 
buckets, and 82.5 percent using curved buckets with a 
wedge or splitter. Elsewhere he mentions 85 percent 
efficiency with Pelton-type wheels as having been reached. 


Wines also mentions the Leffel Cascade turbine patented 
in 1891, and pictured in Figure 11, which he described as 
having “two separate sets of buckets located alternately on 
opposite sides of a continuous dividing ridge.” 


Impulse wheels provide great adaptability 

The impulse-type wheel, by its simplicity and versatile 
speed possibilities, readily made direct drives possible in 
most cases, when powering hoists, stamping mills, air 
compressors, pumps, and other mining machinery. Thus 
in the Far West, as well as in Alaska, the cumbersome 
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gear trains and belted drives so commonly used with water 
wheels and turbines in the Eastern States were generally 
unnecessary because of the impulse wheel. A large mine 
hoist built in 1894, for example, had a double Pelton-wheel 
drive.** One set of buckets and jets drove the drum in 
one direction when lowering, another set provided oppo- 
site rotation when lifting. 


A Riedler** air compressor, designed and built in 1893 
for the Alaska-Treadwell Gold Mining Company, was 
driven by a Pelton wheel, direct connected to the crank 
shaft. The wheel, formed by the heavy 20-foot flywheel to 
which the Pelton buckets were bolted, operated at 78 rpm 
under 460-foot head. 

The compressor took 2800 cubic feet of free air per 
minute, and compressed it to 80 psi. The water at this 
plant being insufficient to drive the wheel during a dry 
period of two months out of the year, auxiliary Corliss 
engine steam cylinders were situated in tandem behind 
the air cylinders. A testimonial letter dated July 31, 1894, 
eight months after installation, said the compressor was 
‘giving excellent results, and every satisfaction, while run- 
ning either by steam, or by water power.” 

Not quite so well known is the fact that two large impulse- 
type turbines, built by the Pelton Company, were put into 
operation in the 1890's by the City of Niagara Falls pump- 
ing plant. Each was applied to a six million gallon per 
day Riedler duplex pumping engine.** The wheels and 
pumps were located in a subterranean chamber in solid 
rock, 130 feet below the Niagara River, the tailrace dis- 
charging through a tunnel below the Falls. The impulse 
buckets were again bolted to the 12-foot diameter, 12,000- 
pound flywheel, operating under 125-foot head at 76 rpm. 
Each wheel had two nozzles, one used for normal pressure 
and both together for fire service. See Figure 12. 


Water wheel brings prosperity to Far West 
Water wheel installations in California were astonishingly 
large in number. No one knows how many hurdy-gurdies 
or their early replacements were in operation during those 
days. A 1909 Pelton water wheel catalog, however, listed 
8554 wheels of this make alone just in California, Oregon, 
and Nevada, aggregating 836,000 hp. Another 762, aggre- 
gating 76,000 hp, were mentioned as being in Washing- 
ton, Idaho, and Alaska, 485 more in Hawaii, Utah, Colo- 
rado, Montana, New Mexico, and Arizona, only 183 in the 
Middle West and Atlantic Coast States. Of these ten 
thousand wheels, by 1909, 431 were electric power instal- 
lations, aggregating nearly 455,000 hp. 


The 50 light Brush arc dynamo driven by a 70-foot head 
Pelton wheel, installed in 1885 at Aspen, Colorado, appar- 
ently was the first hydroelectric unit in the Far West.?" 
In 1892 electric power for the first long distance transmis- 
sion line in the United States (45 miles at 10,000 volts) ** 
was produced by 440-foot head Pelton wheels, driving 
single-phase generators at the San Antonio Light and 
Power Company plant at Pomona, California.** The Mill 
Creek plant at Redlands, California, with two 250-kw. 
generators driven by Tulson wheels put in operation in 
1892 under 295-foot head, is reputed to be the first three- 
phase hydro installation.?* 
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EACH OF TWO tandem units having eight Samson wheels was direct connected to a 1500-kw generator at Lowell Dam, Kansas. 
Pelton-type units in the East, so By 1900 the St. Lawrence Power Company at Massena 
ype units in the Far West. had a good start on its 150,000-hp project under about 
ydroelectric station in the 45-foot head. This development consisted of 5000-hp 
as Oregon City or Station A plant of sextaplex (triple twin) horizontal Victor units connected 
X ette Falls Electric Company, later the Portland to correspondingly rated generators. About that time, it 
Company.”** The single-phase belted was written: “The St. Lawrence Power Company has 
1889, driven by Victor acquired about 2000 acres of ground suitable for manu- 
ctrice September 13, 1890, issue, facturing purposes, and it is expected ta. sell power to 
00-hy lraulic installation at Spokane Falls, | companies which will locate near the plant on account of 
x orizontal units under 70-foot the low cost of available power.”*! 
illwell-Bierce, consisted of Around the turn of the century, adequate designs of 
| eight pairs of 10-inch wheels. thrust bearings, so important to large capacity higher head 
i N an turbines of 195 hp each, vertical Francis units, were still in the future. Likewise, 
ead e installed at the Spokane, Wash- high speed Francis units, and especially propeller-type units 
gs he 1890’s.2° These units, for low head developments, were still several decades away. 
espectively geared to four hori- One standard practice was to build horizental units in 
x Holly pumps and to one generator. Francis- _ which two runners, one left-hand and one right-hand, were 
ctf s ded such installations as placed on the shaft as a twin pair, so that their hydraulic 
| € )0-hp, 28-foot head unit at thrusts tended to neutralize each other. In low head de- 
S ( 00-hp, 125-foot head 
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velopments, in order to produce higher speeds for larger 
capacity generators, two or more such sets of twin runners, 
mounted on their shafts, were coupled together to form 
one hydraulic t nit. 





ONE OF SIX Pelton wheel-driven 125-hp Brush dyna- 
mos installed about 1890 is shown. (FIGURE 13) 














UNUSUAL for the Far West, Francis-type turbines 
were installed at Spokane in the 1890's. (FIGURE 14) 





THE KILBOURN PLANT, when 
1909, had four six-runner horizontal shaft 2000-hp units. 


WHEELS transmitted power to a horizontal 
generator through these gears at Otsego, Michigan. (FIG. 15) 


Original units installed at Kilbourn plant** on the Wis- 
consin River, for example, consisted of four 6-runner 
(triple twin) horizontal shaft 2000-hp Wellman-Seaver- 
Morgan turbines and two twin 250-hp Jolly-McCormick 
turbines under 17-foot head. 

At Lowell Dam in eastern Kansas — just west of Joplin, 
Missouri — there were in successful operation two hydro- 
electric units, each of which had four pairs of twin Samson 
runners (eight runners per unit). Each complete unit, 
rated about 2800 hp at 180 rpm under 24-foot head, was 
direct connected to a 1500-kw horizontal generator. See 
illustration at the top of page 33. 

In many other low head plants, to keep the individual 
thrusts low and to suit higher generator speeds, two or 
more vertical turbines were often hooked together on one 
cross horizontal shaft by means of gear harness, the single 
horizontal shaft being coupled to one generator. The 
Otsego, Michigan, plant of the old Kalamazoo Valley Elec- 
tric Company, see Figure 15, had eight 56-inch vertical 
wheels connected in this manner. 


Early editor caught vision of the future 


“The electrical transmission of power over long distances 
is a demonstrated success. This fact gives an immediate 
value to water powers, which have hitherto remained un- 
improved . . . our country abounds in such water powers, 
some of immense magnitude, and it is only a question of 
time when all will be improved and the power generated, 
transported by wires to the surrounding cities and towns, 
and utilized for light, heat, and power.”** 

Even this editor would have gasped if he could have 
foreseen the actual accomplishments of the last fifty years 
—70,000-hp Francis turbines for Niagara,* 123,800-hp 
Kaplan propeller units for The Dalles project, 150,000-hp 


* 150,000-hp units have been installed at Grand Coulee. 


put in operation in 


impulse wheels for the Kemano project. The United States 
alone, according to recent reports,** has 21.5 million kilo- 
watts of hydroelectric power developed. And still there are 
an estimated 88 million more potential kilowatts of hydro 
power in our country waiting to be conquered — to con- 
serve our resources . . . to bring additional prosperity to 
future generations. 
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Here's the Rectifier That Needs 


ite Adjustments 


THIS 1000-KW, 615-VOLT DC, six-tube excitron 
rectifier is installed in an automatic transportation 
substation. 


ITTLE MAINTENANCE IS NEEDED 
L with Allis-Chalmers excitron- 
type rectifiers. Excitation of the ex- 
citron rectifier is continuous, while 
other types of rectifiers require re- 
ignition 60 times a second. 

Since it is more difficult to start a 
rectifier arc than to maintain it, the 
excitron rectifier is much less likely 
to lose excitation during operation. 
Momentary dips in supply voltage 
which are encountered in many sup- 
ply systems have no effect on the 
continuous excitation arc. 

Years of operation in hundreds of 


installations have proved the relia- 


bility and ease of operation of Allis- 
Chalmers mercury arc rectifiers. You 
can get complete information from 
your nearby A-C office. Or write 
Allis-Chalmers, Milwaukee 1, Wis. 


A-4432 
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Unique Plunger Starts 
Continuous Excitation 


The excitron tube has an excitation anode ©) in 
addition to the main anode @). With the excita- 
tion circuit de-energized, the steel plunger © 
floating in the mercury pool cathode () makes pos- 
itive contact with the excitation anode (as shown). 

When the excitation circuit is energized, the 
ignition solenoid ©) pulls the steel plunger © 
away from the excitation anode ©) and under the 
mercury pool cathode @) , thus drawing a dc arc 
and forming the cathode spot, which makes con- 
duction of load current by the tube possible. 

If power is interrupted the plunger will float 
up, contact the excitation anode and automati- 
cally re-establish the excitation arc when power 
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For uninterrupted power he 


combine these 3 features 


in your electrical system 


ALLIS-CHALMERS 


Switchgear 


The 3 points above offer a simple rule of 
thumb for planning an electrical system that will 
provide uninterrupted power. 

Key to the operation of such an electrical dis- 
tribution setup is the switchgear. Allis-Chalmers 
has specialized in this type of switchgear engi- 
neering and offers these advantages to the user: 


SAVES SPACE ~— Allis-Chalmers switchgear 
compartments are designed with room to permit 
adding special transfer bus or ring bus arrange- 
ments without adding auxiliary cubicles. 


SAVES COST — No matter whether you elim- 
inate duplicate facilities or simply eliminate extra 
cubicles, there is a substantial cost saving 

with Allis-Chalmers switchgear. 


Select modern switchgear with 
adequate flexibility to keep 
up with plant modifications 
without obsolescence. 


Draw electric power from two 
or more power sources. 


Provide circuit arrangements 
designed to give continuity of 
service even when breakers 
are removed for inspection 
and maintenance. 


SAVES TIME — Allis-Chalmers dry-type bus 
joint insulation makes it easy to add or remove 
switchgear cubicles. No insulating compounds to 
melt ... no fuss . . . no muss. 


GET COMPLETE INFORMATION on Allis- 
Chalmers switchgear designed to meet needs for 
continuous power. Call your nearby Allis-Chal- 
mers office, or write Allis-Chalmers, Milwaukee 





Ask for these booklets: 


Primary Switchg A 9 t for 
Chemical Plants. 


Continuity of Service at Distribution 
Voltages by Means of Ring Bus. 





tech 





Design Considerati of $ 
for Pipeline Substations. 
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